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Abstract. At finite density parity can be spontaneously broken in strong interactions with far reaching implications. In
particular, a time-dependent pseudoscalar background would modify QED by adding a Chern-Simons term to the lagrangian.
As a striking consequence we propose a novel explanation for the dilepton excess observed in heavy ion collisions at
low invariant masses. The presence of local parity breaking due to a time-dependent pseudoscalar condensate substantially
modifies the dispersion relation of photons and vector mesons propagating in such a medium, changing the ρ spectral function
and resulting in a potentially large excess of dileptons with respect to the predictions based in a ‘cocktail’ of known processes.
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INTRODUCTION
The appearance of parity violation via pseudoscalar con-
densation for sufficiently large values of the chemical po-
tential has been attracting much interest during the last
decades to search it both in dense nuclear matter (in neu-
tron/quark stars and heavy ion collisions at intermediate
energies) and in strongly interacting quark-gluon mat-
ter (“quark-gluon plasma” in heavy ion collisions at very
high energies). At finite baryon density was conjectured
by A. Migdal in [1] long ago. While it was argued in
[2] that parity, and vector flavor symmetry could not un-
dergo spontaneous symmetry breaking in a vector like
theory such as QCD, the conditions under which the re-
sults of [2] hold (positivity of the measure) are not valid
for non-zero chemical potential.
We have investigated[3] the possibility of parity being
spontaneously violated in QCD at finite baryon density
and temperature. The analysis is done for an idealized
homogeneous and infinite nuclear matter where the in-
fluence of density can be examined with the help of con-
stant chemical potential. QCD is approximated by a gen-
eralized σ model with two isomultiplets of scalars and
pseudoscalars. The interaction with the chemical poten-
tial is introduced via the coupling to chiral quark fields
as nucleons are not considered as point-like degrees of
freedom in our approach (for a semi-quantitative discus-
sion this should suffice). This mechanism of parity vio-
lation is based on interplay between lightest and heavy
meson condensates and it cannot be understood in sim-
ple models retaining the pion and nucleon sectors solely;
in particular is essentially different from the old idea of
pion condensation advocated originally by Migdal. We
argue that, in the appropriate environment (dense nuclear
matter of a few normal densities where quark percolation
does not yet play a significant role), parity violation may
be the rule rather than the exception.
Let us mention several experimental signatures of par-
ity violation in strong interactions[3]: a) Resonances do
not have a definite parity and therefore the same reso-
nance can decay into even and odd number of pions. b)
At the very point of the phase transition leading to par-
ity breaking one has six massless pion-like states. After
crossing the phase transition, in the parity broken phase,
apart from the usual pions, two scalar charged states re-
main massless. c) Changes in the nuclear equation of
state. d) Additional isospin breaking effects in the pion
decay constant and substantial modification of Fpi ′ . How-
ever all these dramatic effects are nevertheless difficult
to observe in the environment of heavy ion collisions.
We would like to find an effect that showed up in simpler
probes such as photons, electrons or muons.
During the last decade several experiments in heavy
ion collisions have indicated an abnormal yield of lep-
ton pairs with invariant mass M < 1 GeV in the region
of small rapidities and moderate transversal momenta
[4, 5] (reviewed in [6, 7]). This effect is visible only for
collisions that are central or semi-central. From a com-
parison to pp collisions it has been established beyond
doubt that such an enhancement is a nuclear medium
effect[6]. For the energies accessible at CERN SPS and
BNL RHIC the abnormal dilepton yield has not been yet
explained satisfactorily by known processes in hadronic
physics[6, 7]. In this region the ρ meson, directly via
pipi fusion or indirectly through the η and ω Dalitz pro-
cesses, largely dominates and the explanations based on
in-medium effects of a dropping mass[8] and/or broad-
ening resonance seem unable to explain the spectacular
dilepton enhancement[9, 10].
We propose in this talk that the effect may be a mani-
festation of local parity breaking (LPB) in colliding nu-
clei due to the generation of a pseudoscalar, isosinglet or
neutral isotriplet, condensate whose magnitude depends
on the dynamics of the collision. It has been suggested
that such a background could be due to the topological
charge fluctuations leading to the so-called Chiral Mag-
netic Effect (CME)[11] and seemingly detected in the
STAR and PHENIX experiments at RHIC[12], although
the issue is far from being settled. However the fact that
the observed dilepton excess is almost absent for periph-
eral collisions (where the CME should be more visible)
and maximized in central collisions makes us believe that
it may be due to the ephemeral formation of a bona-fide
thermodynamic phase where parity is broken[3].
VDM AND LPB
It has been shown[13] that an energetic photon propagat-
ing in this background may decay on shell into dileptons.
This same mechanism extended to vector mesons is pro-
posed here as the source for the abnormal dilepton yield
in the range M < 1 GeV, for centrality 0÷ 20% and for
moderate pT < 1 GeV. Here we will concentrate in the
region around the ρ and ω resonant contribution.
We shall assume that a time dependent but approx-
imately spatially homogeneous background of a pseu-
doscalar field a(t) is induced at the densities reached in
heavy ion collisions and we will define a 4-vector related,
ζµ ≃ ∂µa. a(t) could be either isosinglet or isotriplet or
even a mixture of the two, but detailed calculations will
be presented for the case of isosinglet background only.
The appropriate framework to describe electromag-
netic interactions of hadrons at low energies is the Vector
Dominance Model (VDM)[14, 15] containing the light-
est vector mesons ρ0 and ω in the SU(2) flavor sector.
We do not include φ meson, as its typical mean free path
∼ 40 fm makes it insensitive to medium effects. Quark-
meson interactions are described by
Lint = q¯γµV µ q; Vµ ≡−eAµQ+ gωωµ I2 + gρρµ
τ3
2
,
(1)
where Q = τ32 + 16 I, gω ≃ gρ ≡ g ≃ 6. The Maxwell and
mass terms are
Lkin =−14
(
FµνF µν +ωµνω µν +ρµνρ µν
) (2)
Lmass = m
2
V tr(VµV µ) =
1
2
Vµ,am2abV
µ
b ,
m2ab = m
2
V


10e2
9g2 − e3g − eg
− e3g 1 0
− eg 0 1

 , (3)
with det
(
m2
)
= 0 and m2V = m2ρ = 2g2ρ f 2pi ≃m2ω . Finally,
in a pseudoscalar time-dependent background the La-
grangian contains a parity-odd Chern-Simons (CS) term
LCS(k) =−14ε
µνρσ tr ˆζµ Vν(x)Vρσ (x)
=
1
2
tr ˆζ ε jkl V j ∂kVl = 12 ζ ε jkl V j,a Nab ∂kVl,b, (4)
which additionally mixes photons and vector mesons
due to LPB. For isosinglet pseudoscalar background (the
only possibility we shall consider here) e2 ˆζ = 95 ζ I, and
N ∝ m2. Simple order-of-magnitude considerations indi-
cate that ζ ∼ ατ−1 ∼ 1 MeV, taking the time of forma-
tion of pseudoscalar condensate τ = 1 fm and the value
of condensate of order of fpi .
Particularizing to the case ζµ ≃ (ζ ,0,0,0) we find the
following spectrum
N = diag
[
0, 9g
2
10e2 ,
9g2
10e2 + 1
]
∼ diag [0, 1, 1]
m2 = m2V diag
[
0, 1, 1+ 10e
2
9g2
]
, (5)
namely vector mesons have the dispersion relation
k20−~k2 = m2V ±
9g2
10e2 ζ |~k| ≃ m
2
V ± 360ζ |~k| ≡ m2V,±. (6)
Thus in the case of isosinglet background the massless
photons are not distorted when mixed with massive vec-
tor mesons. In turn, massive vector mesons split into
three polarizations with masses m2V,− < m2V,L < m2V,+ sig-
nifying local parity as well as Lorentz invariance break-
ing. Note that the position of resonance poles for ± po-
larized mesons is moving with wave vector |~k| and there-
fore they reveal themselves as "giant" resonances. The
enlargement of the resonant region potentially leads to a
substantial enhancement of their contribution to dilepton
production away from their nominal vacuum resonance
position. See [16] for more details.
THE NA60 RESULTS
Here we shall limit our discussion to a comparison with
the determination of the ‘abnormal’ rho spectral func-
tion from the NA60 experiment[4, 17, 18]. The produc-
tion rate of dileptons pairs mediated by ρ mesons takes
a form similar to the one given in [14] but with modi-
fied propagators due to LPB, according to our previous
FIGURE 1. The ρ meson contribution into the dilepton pro-
duction is shown for parity symmetric nuclear matter ζ = 0
and for local parity breaking with ζ = 2 MeV compared to the
NA60 measurement for central collisions and all pT . Both con-
tributions are normalized to produce the same on-shell cross-
section for ρ meson production, which is fitted to the experi-
ment. The effective temperature is 300 MeV.
discussion
dN
d4xdM ≃
cρ
M2
(
M2−4m2pi
m2ρ−4m2pi
)3/2
∑ε
∫
∞
M dk0
√
k20−M2
ek0/T−1
× m
4
ρ,ε
(M2−m2ρ,ε)2+m4ρ,ε
Γ2ρ
m2ρ
. (7)
Finite lepton mass corrections are not shown. For ω
mesons a similar expression is used but without the two
pion threshold, characteristic of the dominant coupling
of the ρ to hadronic matter. A simple thermal average
is assumed but we remark that the temperature T is an
effective one that may in fact depend on the range of
M, pT and centrality. The coefficients c parameterize the
total cross-sections for vector meson creation. Because
they are not known with precision in the present setting,
particularly their off-shell values, the relative weights
are used as free parameters in the hadronic ‘cocktail’[4,
17, 18]. This is the procedure used both by NA60 and
PHENIX and we shall follow it here too. The usual
‘cocktail’ contains weights normalized to the peripheral
collisions result (roughly agreeing with existing pp and
p-A). For semi-central and central collisions, particularly
at low pT the ρ/ω ratio needs to be enhanced by a factor
1.6 in the case of NA60 [4] or approximately 1.8 in
PHENIX [19].
The result is shown in fig. 1 showing that LPB pro-
vides a much better description of the ρ shape than the
fitted hadronic cocktail. This can be further improved by
including the (much smaller) modifications due to LPB
on the contribution from the ω pole and the ω Dalitz de-
cay ω → µ+µ−pi0. This is tentatively shown in fig. 2.
From these results we conclude that local parity break-
ing seems capable of explaining in a natural way the
PHENIX/CERES/NA60 ‘anomaly’. If LPB is confirmed
FIGURE 2. Same as in fig. 1 but including the smaller con-
tributions from the LPB modifications to the w pole and Dalitz
decay (shown separately), after adjusting the coefficients for
an optimal fit. ζ = 1.9 MeV, T = 270 MeV. The overall fit is
excellent giving strong plausability to the possibility of LPB.
(see [16] for possible experimental signals) the conse-
quences could be far reaching.
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